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SucroseThe aquaglyceroporins of Escherichia coli, EcGlpF, and of Plasmodium falciparum, PfAQP, are probably the best
characterized members of the solute-conducting aquaporin (AQP) subfamily. Their crystal structures have
been elucidated and numerous experimental and theoretical analyses have been conducted. However, op-
posing reports on their rates of water permeability require clariﬁcation. Hence, we expressed EcGlpF and
PfAQP in yeast, prepared protoplasts, and compared water and glycerol permeability of both aquaglyceropor-
ins in the presence of different osmolytes, i.e. sucrose, sorbitol, PEG300, and glycerol. We found that water
permeability of PfAQP strongly depends on the external osmolyte, with full inhibition by sorbitol, and in-
creasing water permeability when glycerol, PEG300, and sucrose were used. EcGlpF expression did not en-
hance water permeability over that of non-expressing control protoplasts regardless of the osmolyte.
Glycerol permeability of PfAQP was also inhibited by sorbitol, but to a smaller extent, whereas EcGlpF con-
ducted glycerol independently of the osmolyte. Mixtures of glycerol and urea passed PfAQP equally well
under isosmotic conditions, whereas under hypertonic conditions in a countercurrent with water, glycerol
was clearly preferred over urea. We conclude that PfAQP has high and EcGlpF low water permeability, and
explain the inhibiting effect of sorbitol on PfAQP by its binding to the extracellular vestibule. The preference
for glycerol under hypertonic conditions implies that in a physiological setting, PfAQP mainly acts as a water/
glycerol channel rather than a urea facilitator.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Aquaglyceroporins constitute a subfamily of aquaporin (AQP)
water and solute channels which in addition to water conduct small
uncharged molecules [1], such as glycerol [2], urea [3], ammonia [4],
as well as carbonyl compounds [5], and even arsenite [6,7], across cel-
lular membranes. Typically, osmotic water permeability rates of aqua-
glyceroporins aremuch smaller than those of water-speciﬁc, orthodox
AQPs. For instance, from permeability assays using proteoliposomes
the water permeability of the prototypical aquaglyceroporin from
Escherichia coli (EcGlpF) was found to be 15% of that of the corre-
sponding water-speciﬁc E. coli AQPZ [8]. The selectivity for glycerol
was explained by the EcGlpF crystal structure showing a wider and
amphipathic constriction site within the channel called the aromatic
arginine (ar/R) region or selectivity ﬁlter, which is conserved among
the aquaglyceroporins. This region is further part of the cation exclu-
sion mechanism of AQPs [9].
The cloning and functional characterization of an aquaglycero-
porin from Plasmodium falciparum (PfAQP) highlighted a new facet
in the structure–function relationship of aquaglyceroporins. Despite: +41 431 880 1352.
itz).
l rights reserved.a selectivity ﬁlter identical to that of EcGlpF, and an almost identical
set of channel-lining amino acids, we found by Xenopus laevis oocyte
swelling assays that PfAQP water permeability is in the range of those
of water-speciﬁc AQPs [10]. We further identiﬁed an amino acid res-
idue in the outer pore vestibule (Glu125) to inﬂuence water–glycerol
selectivity, showing that the inner pore layout alone does not explain
the permeability properties of an AQP, and that the structures of the
pore entries need to be taken into account [11]. Based on the muta-
tional and experimental data, we proposed an interaction of Glu125
with Arg196 of the ar/R region. Indeed, when the crystal structure
of PfAQP was elucidated, an indirect effect of Glu125 on Arg196 was
seen changing the hydrogen bond network of water molecules pass-
ing the ar/R region [12]. A striking result of these studies was that
the presence or absence of a single hydrogen bond donor can change
water permeability rates of AQPs by one order of magnitude.
Due to opposing reports from additional theoretical calculations
predicting high water permeability of EcGlpF [13], and experimental
studies showing absence of water permeability of PfAQP [14], there
is a need for clariﬁcation by direct comparison of the permeability
properties of EcGlpF and PfAQP. We expressed both aquaglyceropor-
ins in yeast, prepared protoplasts and determined water and glycerol
permeability in a stopped-ﬂow apparatus using sorbitol, sucrose, a
short-chain polyethylene glycol (PEG300), and glycerol as osmolytes.
We conﬁrmed water permeability of PfAQP and its lack in EcGlpF. We
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glycerol permeability properties, which a) has practical consequences
on the design of aquaglyceroporin permeability assays and b) pro-
vides novel insights into effects of the vestibule structure on aquagly-
ceroporin function.
2. Materials and methods
2.1. Plasmids, yeast transformation and growth conditions for functional
expression
The open reading frames of PfAQP, EcGlpF, and rat AQP1 were am-
pliﬁed by PCR using primers that introduce a 5′ Pst I and 3′ Sal I restric-
tion site. The Pst I/Sal I digested fragments were puriﬁed with Hi
Yield® SLG® Kit (Gauting, Germany) and inserted into the pDR196-
HA vector (a multi-copy 2 μ origin vector with PMA promoter, URA3
selection marker and an N-terminal HA-tag) [15] or pRS426 using
the T4 DNA ligase (Fermentas, St. Leon-Rot, Germany). Yeast cells of
the strain BY4742Δfps1 (MATa, his3-1, leu2Δ0, lys2Δ0, ura3Δ0,
yll043w::KanMX) [16] were transformed with PfAQP-pDR196-HA,
EcGlpF-pDR196-HA, rAQP1-pRS426 or pDR196-HA (vector control)
using lithium acetate [17,18]. Transformed yeast was grown on solid
selection medium (0.17% yeast nitrogen base, 2% glucose, 0.5%
(NH4)2SO4, 2×10−3% histidine, 2×10−3% lysine, and 0.01% leucine)
for 3–5 days at 29 °C. A single colony was resuspended in 2 ml selec-
tion medium and grown overnight. A 50 ml culture in selection medi-
um was prepared with an OD600 of 0.1 and incubated for 16–18 h on
an orbital shaker at 180 rpm and 29 °C to an OD600 of about 1.
2.2. Saccharomyces cerevisiae protoplast preparation
A modiﬁed yeast protoplast preparation method was used [19].
Brieﬂy, yeast cells were collected by centrifugation at 4000 ×g and
4 °C. After washing, the cells were incubated in 3 ml Buffer I (0.2%
vol 2-mercaptoethanol and 50 mM KH2PO4/K2HPO4, pH 7.2) for
15 min. This and all following buffers were ﬁltered sterile (ØFig. 1.Water permeability of PfAQP, EcGlpF, and rat AQP1 in hypertonic sorbitol (A) and suc
analyzed by dynamic light scattering (black traces) in comparison to non-expressing contro
termination of the rate constants.0.22 μm). 6 ml Buffer II (1.8 M osmolyte [sucrose, sorbitol, PEG300 or
glycerol], 0.2% vol 2-mercaptoethanol and 50 mM KH2PO4/K2HPO4,
pH 7.2), 200 U of Zymolyase-20T (MP Biomedicals, Illkirch, France)
and 100 mg BSA Fraction V (Roth, Karlsruhe, Germany) were added
and incubated on an orbital shaker at 60 rpm for 60 min at 29 °C. Pro-
toplasts were collected by centrifugation at 2000 ×g and 4 °C, washed
and resuspended in 3 ml Buffer III (1.2 M osmolyte [sucrose, sorbitol,
PEG300 or glycerol], 50 mM NaCl, 5 mM CaCl2, and 10 mM MOPS/
NaOH, pH 7.2). The protoplast suspensions were stored on ice or at
4 °C.2.3. Stopped-ﬂow light scattering measurements
Protoplast suspensions were diluted to OD600≈2. All measure-
ments were done using a stopped-ﬂow apparatus (SFM-300, BioLogic,
Claix, France) with a dead time around 10 ms at 20 °C. For water per-
meability measurements, protoplasts were rapidly mixed (total ﬂow
rate of 14 ml/s) with the same volume (total volume of 202 μl) of
hyperosmolar Buffer IVa (1.8 M osmolyte [sucrose, sorbitol, PEG300
or glycerol], 50 mM NaCl, 5 mM CaCl2, and 10 mM MOPS/NaOH, pH
7.2). For isotonic glycerol and urea permeability measurements, pro-
toplasts were mixed with the same volume of carefully adjusted, iso-
smolar Buffer IVb (0.6 M sucrose or sorbitol, 0.6 M glycerol or urea,
50 mM NaCl, 5 mM CaCl2, and 10 mM MOPS/NaOH, pH 7.2). For hy-
pertonic glycerol and urea permeability assays, protoplasts were
mixed with Buffer IVc (1.2 M sucrose, 0.6 M glycerol or urea, 50 mM
NaCl, 5 mM CaCl2, and 10 mM MOPS/NaOH, pH 7.2). Protoplast vol-
ume changes were monitored by measuring the intensity of 90°
light scattering at 546 nm. In each experiment, 7 to 9 single curves
were averaged. The curves were ﬁtted to single or double exponential
equations and the resulting time constants, k, were directly related to
water and glycerol permeability. The values of τ (mean lifetime in
logarithmic decay) were calculated from the reciprocal of k and also
can be estimated from the light scattering plots as the time passed
for reaching 63.2% of the maximal signal change.rose solutions (B). Shrinkage of AQP-expressing protoplasts in a 300 mM gradient was
l protoplasts (gray). For each trace, 7–9 curves were averaged and normalized for de-
Fig. 2. Effect of different osmolytes on PfAQP water permeability. A. The difference in
rate constants obtained from protoplasts with and without PfAQP in hypertonic mix-
tures of sorbitol and sucrose is plotted against the mole fraction of sorbitol. B. Shown
are single exponential functions using the difference in rate constants from different
mole fractions of sorbitol. The areas under the curves indicate water transport carried
by PfAQP. C. The plotted single exponential functions depict water transport through
PfAQP in 300 mM hypertonic gradients of sucrose, PEG300, glycerol, and sorbitol.
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3.1. Water permeation through PfAQP depends on the external osmolyte
We have shown before that PfAQP [6,20] and EcGlpF [21] are func-
tional when expressed in S. cerevisiae. Hence, we chose yeast expression
with subsequent protoplast preparation for water and solute perme-
ability assays with both aquaglyceroporins and with rat AQP1 as a
water-speciﬁc control [9,21]. The yeast strain used for the assays
(BY4742 Δfps1) lacks endogenous AQP-facilitated water and solute
transport [22]. We started by preparing the protoplasts in a stabilizing
1.2 M sorbitol buffer and abruptly subjected them to an outward direct-
ed osmotic gradient generated by increasing the sorbitol concentration
to 1.5 M. Under these conditions, the protoplasts with AQP1 shrank 19
times faster (τ=0.4 s) than protoplasts without an AQP (τ=7.6 s;
see Fig. 1A, right panel). However, neither PfAQP- nor EcGlpF-
expressing protoplasts exhibited water permeability above that of
non-expressing protoplasts (Fig. 1A, left and middle panels). This ﬁnd-
ing of a water-impermeable PfAQP in sorbitol conﬁrms the results by
Hedfalk et al. [14]. Yet, our earlier assayswith X. laevis oocytes in diluted
salt buffer clearly indicated high water permeability of PfAQP [10,11].
Hence, we asked whether sorbitol as an external osmolyte could inﬂu-
ence water efﬂux through PfAQP or EcGlpF. To test this, we prepared
new batches of protoplasts with AQP1, PfAQP, and EcGlpF in a 1.2 M so-
lution of the disaccharide sucrose, and generated the osmotic gradient
by rapidly switching to 1.5 M sucrose (Fig. 1B). Using sucrose, we no-
ticed a general doubling, approximately, of all protoplast shrinkage
rates. Yet, similar to the experiment in sorbitol, water permeability of
AQP1-expressing protoplasts was 15 times higher (τ=0.25 s) than
with non-expressing protoplasts (τ=3.8 s; Fig. 1B, right). EcGlpF ex-
pression again did not increase transmembrane water ﬂux above that
of control cells (Fig. 1B, middle). However, PfAQP-expressing proto-
plasts now showed water permeability 5 times higher (τ=0.8 s) than
protoplasts without an AQP (Fig. 1B, left).
To test for dose dependence of the inhibitory sorbitol effect on
PfAQPwater permeability, we prepared PfAQP-expressing protoplasts
in 1.2 Mmixtures of sorbitol and sucrose with mole fractions of 0, 1/3,
2/3, and 1, and subjected the protoplasts to 0.3 M sorbitol/sucrose gra-
dients of corresponding molar ratios. We determined the rate con-
stants from exponential ﬁttings of the obtained light scattering
curves and plotted the rate difference between protoplasts with and
without PfAQP against the molar fraction of sorbitol (Fig. 2A). This
revealed a direct correlation of PfAQP inhibitionwith themole fraction
of sorbitol. A way to discriminate and to intuitively visualize the por-
tion of water molecules passing the cell membrane via PfAQP from
those taking other paths across the lipid bilayer, is to plot single expo-
nential curves using the rate differences. Fig. 2B displays that sucrose
as an osmolyte elicits highest PfAQP water permeability, which grad-
ually decreases and eventually ceaseswith increasing sorbitol content.
It must be noted that the molecular diameter of sucrose is too
large for it to enter the channel of an aquaglyceroporin, whereas sor-
bitol formally represents two concatenated glycerol molecules and,
thus, may be compatible with the aquaglyceroporin pore. The ap-
proach laid out above allowed us to determine and to relate the effect
of other linear osmolytes, i.e. PEG300 and glycerol itself, on the water
permeability of PfAQP and EcGlpF. EcGlpF-expressing protoplasts
prepared in 1.2 M PEG300 or glycerol buffers did not showwater per-
meability above that of non-expressing protoplasts. Yet, protoplasts
expressing PfAQP exhibited water permeability with rates between
those obtained with sucrose and sorbitol (Fig. 2C).
3.2. Sorbitol also inhibits glycerol permeability of PfAQP, but to a weaker
extent
Having established that PfAQP conducts water, albeit with strong
dependence on the osmolyte, whereas EcGlpF water permeabilitywas undetectable under all tested conditions, we set out to determine
the glycerol permeability of both aquaglyceroporins. We prepared
protoplasts with and without PfAQP or EcGlpF in 1.2 M sucrose, sorbi-
tol, or PEG300 buffer, and exposed them to solutions in which
300 mM of the osmolyte was isotonically replaced by glycerol. The
resulting chemical gradient drives glycerol, accompanied by water,
into the cell leading to swelling if facilitating channels are present. Ex-
periments done with PEG300 yielded curves equal to those obtained
with sorbitol, and are not shown. Control protoplasts without an
aquaglyceroporin maintained their volume, indicating that glycerol
diffusion across the lipid bilayer is negligible over the observed period
(Fig. 3A and B). EcGlpF conducted glycerol independently of the
osmolyte used in the buffer (τ=48–53 s in sorbitol, PEG300, sucrose;
Fig. 3A and B). PfAQP also facilitated glycerol ﬂux, albeit to a different
Fig. 3. Glycerol permeability of PfAQP and EcGlpF in sorbitol (A) and sucrose buffer (B).
Protoplasts were exposed to isotonic buffers generating inward gradients of 300 mM
glycerol and the resulting decrease in light scattering was monitored. 7–9 traces
were averaged in each experiment. The curves obtained from PfAQP- (black) and
EcGlpF-expressing protoplasts were normalized and plotted against the non-
expressing control baseline. For comparison, a dotted line is drawn in B (sucrose) indi-
cating the position of the PfAQP trace obtained in sorbitol buffer.
Fig. 4. Permeability of PfAQP for mixtures of glycerol and urea under isotonic and hy-
pertonic conditions. A. Shown are normalized light scattering traces from PfAQP-
expressing protoplasts exposed to 300 mM mixtures of glycerol and urea at different
mole fractions (shades of gray) in isotonic sucrose buffer. For each experiment 7–9
traces were averaged. B. Permeability for glycerol and urea was tested under hyperton-
ic conditions by adding 300 mM mixtures of different mole fraction to an isotonic su-
crose buffer. The intensity of light scattering was averaged from 7–9 traces without
normalization. The biphasic curves derived from fast water efﬂux and slow solute in-
ﬂux were ﬁtted using the indicated equation yielding rate constants (kwater, ksolute)
and amplitudes (a, b). C. The plot displays rate constants against amplitudes for solute
ﬂux through PfAQP obtained with different mole fractions of glycerol and urea.
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led to equal glycerol permeability, which was 1.5 times lower than for
EcGlpF (τ=78 s; Fig. 3A). Use of a sucrose buffer increased PfAQP
glycerol permeability by a factor of 5 (τ=16 s; Fig. 3B), which is con-
sistent with the data on PfAQP water permeability (Fig. 1).
Together, our data show that in addition to major differences in
water permeability between PfAQP and EcGlpF, both aquaglyceropor-
ins exhibit different susceptibilities to sorbitol inhibition.
3.3. Permeability of PfAQP for mixtures of glycerol and urea
Finally, we switched to a more physiological set-up and tested the
permeability of PfAQP for glycerol and urea at various molar ratios.
The crystal structures and molecular dynamic simulations show that
water and glycerol pass the approximately 20 Å long channel of an
AQP in a highly ordered single ﬁle. AQP structures or simulations
with urea are not available. Further, glycerol should represent a
stronger binder than urea to the channel amino acids: glycerol con-
tains three hydroxyl groups, i.e. strong hydrogen bond donor sites,
compared to two amide groups in urea with typically weaker hydro-
gen bond donor properties. We wondered whether the mixing of
glycerol and urea might interfere with efﬁcient single ﬁle passage
through PfAQP and result in slower permeation.
We exposed PfAQP-expressing protoplasts to inward directed iso-
tonic glycerol/urea gradients generated by a solution of 300 mM glyc-
erol and/or urea plus 900 mM sucrose (Fig. 4A). The obtained τ values
for the pure solutes and theirmixtureswithmolar fractions of 1/4, 1/2,and 3/4, were within 12–17 s, indicating ratio-independent solute
permeability.
In another set-up, we generated a hypertonic gradient across
PfAQP-expressing protoplast plasma membranes by adding 300 mM
glycerol and/or urea to the external 1.2 M sucrose solution. Here,
the inward directed solute ﬂux collides with osmotic water efﬂux
through the same channel. Due to higher water permeability the pro-
toplasts ﬁrst shrank and then recovered their volume due to solute
inﬂux as seen by the biphasic shape of the resulting light scattering
curves (Fig. 4B). Using this protocol, we detected a marked inﬂuence
of the solute on the degree of cell volume change and on the time of
Fig. 5. Structures of the osmolytes used in this study, and of tetrameric PfAQP and EcGlpF with bound glycerol. A. One conformation is depicted for each molecule of glycerol, sor-
bitol, PEG300, and sucrose. B. Shown are top views and side views on the surfaces of the PfAQP (PDB# 3c02) and EcGlpF (PDB# 1fx8) crystal structures. The locations of the extra-
cellular vestibules (vest.), the aromatic/arginine (ar/R) selectivity ﬁlters, and the Asn-Pro-Ala (NPA) regions are marked in green. The glycerol molecules bound within both crystals
are depicted as van-der-Waals spheres and labeled with G0–G4.
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ol, with which equilibrium was reached within about 2 min (Fig. 4B).
Increasing mole fractions of urea led to larger cell volume changes
and elongated recovery times. For quantiﬁcation we ﬁtted the biphas-
ic curves using the function y=a (1−e−kwater t)+b e−ksolute t, which
yields rate constants (kwater and ksolute) and amplitudes (a and b)
for both, water efﬂux and solute inﬂux. Water efﬂux against the
chemical gradient was largely independent of the type of external sol-
ute (kwater=0.27–0.32 s−1; a=0.52–0.71) and appeared to be about
20 times faster than solute inﬂux against the osmotic gradient. Glyc-
erol inﬂux, however, was clearly faster than urea inﬂux (ordinate in
Fig. 4C) resulting in a 3.5 fold difference in the corresponding ampli-
tudes (abscissa in Fig. 4C). Thus, under non-isosmotic conditions,
PfAQP appears better suited for transport of glycerol against water
than for transport of urea against water.
4. Discussion
Osmotic assays are a common tool to study AQP water permeabil-
ity [23]. Rate constants can be derived from video-monitoring of
swelling Xenopus oocytes or from dynamic light scattering data
using yeast protoplasts or proteoliposomes. We have shown before
that PfAQP conducts water at high rates when expressed in Xenopus
oocytes exposed to a hypotonic inorganic salt solution [10,11]. A
later report on PfAQP-expressing yeast protoplasts could not verify
water permeability in a hypotonic sorbitol gradient [14], whereas
liposome-based assays with puriﬁed PfAQP protein yielded high
water permeability in hypertonic sucrose solution [12]. Glycerolpermeability of PfAQPwas seen with all set-ups. In this study, we con-
ﬁrmed the previous data and found that water permeability of PfAQP
strongly depends on the external osmolyte. Sorbitol in the assay-
typical molar concentration range blocks water passage through
PfAQP while sucrose does not. This indicates that the selection of the
osmolyte is critical for the design of a water transport assay (Fig. 5A).
The literature on water permeability of EcGlpF is similarly contro-
versial. Experimental data from osmotic transport assays show that
expression of EcGlpF does not increase cellular water permeability
above that of cells without expression of an AQP [8]. Light scattering
assays with proteoliposomes showed that the water permeability of
EcGlpF was low (15%) compared to that of the water-speciﬁc EcAQPZ
[24]. However, some computational approaches assign high water
permeability to EcGlpF in the range of prototypical water-speciﬁc
AQPs, such as mammalian AQP1 and EcAQPZ [13,25]. Our data on
EcGlpF water permeability obtained with yeast protoplasts, using
four different osmolytes, i.e. sorbitol, sucrose, PEG300, and glycerol,
are in line with the earlier experimental transport assays indicating
low water permeability at best, which does not visibly enhance the
rate of cellular transmembrane water ﬂux. Regarding a possible
source of the discrepancy, it is noteworthy that EcGlpF water perme-
ability appears higher in artiﬁcial systems than in a physiological set-
ting. Living Xenopus oocytes and yeast protoplasts did not show
EcGlpF water permeability [8], proteoliposomes prepared from E.
coli lipid extracts exhibited low EcGlpF water permeability [24], and
in-silico simulations using a pure and uniform lipid environment
yielded high EcGlpF water permeability [25]. This may hint at an in-
ﬂuence of the lipid membrane composition and/or the presence of
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an intrinsic property of the EcGlpF protein.
The crystal structure of PfAQP [12] indicates three binding sites for
glycerol within the channel lumen (Fig. 5B; G2–G4 positions). Com-
puter simulations found pronounced glycerol binding in the NPA re-
gion and towards the intracellular channel mouth [25]. It seems
obvious that intraluminal binding of glycerol should decrease perme-
ability for water to that of glycerol itself (Fig. 2C). PEG300 has a
weaker effect on PfAQP water permeability probably due the inability
to fully enter the pore and the paucity of hydrogen bond donor sites.
The case for sorbitol appears less clear because it inhibits PfAQP water
and glycerol permeability to different degrees and does not affect
EcGlpF. We propose three lines of evidence for sorbitol binding to
the PfAQP vestibule structure rather than the channel interior:
1. The crystal structures of PfAQP [12] and EcGlpF [26] superimpose
almost perfectly in the ar/R selectivity ﬁlter region. The remaining
channel-forming residues of both AQPs are identical with only one
exception at a position between the selectivity ﬁlter and the NPA
region (Leu192 in PfAQP vs. Met202 in EcGlpF; [11]). Diameter de-
viations are within tenths of an Angstrom throughout both chan-
nels [12]. This suggests that both AQPs should behave similarly in
permitting a sorbitol molecule to enter the channel, which is not
consistent with the observed differences between PfAQP and
EcGlpF regarding sorbitol inhibition.
2. The structure data further show that PfAQP crystals [12] are deco-
rated with more glycerol molecules than EcGlpF crystals [26] de-
spite equally high glycerol concentration (15%) during
crystallization. Both structures carry two glycerol molecules in
the channel, one at the ar/R site, one in the NPA region, and a
third glycerol in the extracellular vestibule (labeled G1–3 in
Fig. 5B). These glycerol molecules show equal conformations in
PfAQP and EcGlpF further underscoring high structural similarity
in the channel domain. The PfAQP crystals hold two more glycerol
molecules, one at the intracellular vestibule (G4) and one in the
extracellular vestibule (G0) next to G1. The higher number of glyc-
erol molecules in the crystal indicates a higher afﬁnity of PfAQP for
glycerol, especially at its vestibules. G0 and G1 are located in direct
vicinity to each other and it is well conceivable that a sorbitol mol-
ecule could take this place and interfere with channel permeabili-
ty. EcGlpF does not appear to provide such a binding site in the
vestibule possibly rendering the channel insensitive to sorbitol.
3. Sorbitol blocks PfAQP glycerol permeability only mildly. If sorbitol
binds to the channel interior, one may expect glycerol ﬂux to cease
or to slow down to the rate of sorbitol permeation due to the obli-
gate single chain arrangement. We have not observed measurable
sorbitol permeability of PfAQP in our assay system. Similarly,
others have determined EcGlpF and PfAQP permeability in proteo-
liposomes using dynamic light scattering [26] and surface plasmon
resonance [27] and found permeability coefﬁcients for sorbitol ap-
proximately 20 times lower than for glycerol. Our observations in-
dicate a much weaker effect of sorbitol on glycerol permeability.
Hence, we favor a scenario in which sorbitol binds to the PfAQP ex-
tracellular vestibule and not within the channel. This sorbitol could
be displaced by glycerol, which would then be able to pass PfAQP,
albeit at a lower rate, as observed in the experiments. The fact that
sorbitol has a larger effect on the water permeability of PfAQP
leading to ﬂux rates indistinguishable from non-expressing control
cells, can be attributed to a weaker displacement capacity of a
water molecule due to fewer hydrogen bond donor sites and the
absence of lipophilic interactions. Furthermore, the high sorbitol
concentration needed for the inhibition of water permeability
also calls for weak sorbitol binding outside the channel rather
than blockage of the channel from within.
Finally, we were looking at the permeability of PfAQPwhen glycerol
and urea are provided as a mixture of permeating solutes. Theseexperiments were inspired by the anomalous mole fraction behavior
of several ion channels, e.g. potassium channels [28,29] or calcium
channels [30,31]. In the absence of calcium the latter channels conduct
sodium ions at high rates. As soon as low millimolar concentrations of
calcium are present, these channels show a high selectivity for calcium
despite an excess of sodium by two orders of magnitude [31]. It is
thought that the difference in binding afﬁnity of calcium and sodium
ions is responsible for this effect. Similarly, glycerol and urea should ex-
hibit different afﬁnities, although at a lower scale, to an AQP due to
stronger hydrogen bonds of the three glycerol hydroxyls compared to
two spatially ﬁxed amide groups of urea. Further, crystal data and mo-
lecular dynamics simulations suggest that efﬁcient water and solute
transport through the AQP channel requires a high degree of order in
the chain of passing molecules. Yet, we found equal permeability of
glycerol and urea independent of the mole fraction, when transport
was driven by an isotonic chemical gradient. Under non-isoosmotic
conditions resulting in a countercurrent of water and solute through
the same channel, PfAQP clearly selected for glycerol over urea. This
suggests that under physiological conditions, aquaglyceroporinsmainly
facilitate glycerol ﬂux (and water ﬂux to various degrees) while the
bulk of urea will pass through speciﬁc urea transporters [32].
In conclusion, this study has shown that a) care must be taken
when choosing the osmolyte for osmotic AQP water permeability as-
says, with sucrose recommended, and b) the vestibule structures can
have an inﬂuence on AQP permeability properties, which should be
considered when analyzing AQP structure–function relationships.
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